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論文内容要約 
Chapter 1 Introduction 
Nanomaterials have been studied intensely over recent years. Among the various suitable methods for nanoparticle (NP) 
production [1], supercritical water (SCW) hydrothermal synthesis is a promising technology. This method combines the advantages of 
a clean and relatively efficient process for the production of nanomaterials. Supercritical hydrothermal synthesis (SHS) of metal oxide 
NPs and their in-situ surface modifications with organic capping agents can create unique hybrid materials with both inorganic and 
organic properties [2]. 
Substantial effort has been dedicated to understanding the formation mechanism of NPs and its kinetic behavior in sub- 
and supercritical hydrothermal conditions; this knowledge is necessary for rational reactor design [3‒4]. Most relevant studies focused 
exclusively on the production of unmodified NPs. The aim of this study is to propose a synthesis method for organic-modified metal 
oxide NPs. A kinetic study of metal oxide formation in the presence of surfactants was conducted, and the results were compared with 
those found for the formation of un-modified NPs, considering the effect of the solvent on the reaction. The results of this study are 
used to design a proposed process and, specifically, to evaluate the reactor size and, thus, the equipment cost of the process. The 
agglomeration behavior of modified NPs under reaction conditions can also be affected by the solvent properties, and therefore, an 
understanding of this behavior is essential for designing the reaction atmosphere. 
 
Chapter 2 Background of research 
Adschiri et al. investigated the kinetics of unmodified metal oxide formation in sub- and supercritical environments and 
assumed that the reaction rate can be expressed via a Born-type equation [5]. The reaction rate accelerates nonlinearly because the 
dielectric constant of water decreases at the evaluated temperatures. Because the reaction rate is fast, mixing reactor designs for plug 
flow reactors have been deeply investigated to improve the heat transfer and, thereby, optimize the size and size distribution of the 
particles [6]. Recent studies [7‒8] have assumed that metal complexes of metal ions and surfactants are formed from the metal salt 
reactant and supplied surfactant before the crystallization reaction occurs. Those studies focused on the growth and shape control of 
the synthesized NPs. However, the formed intermediate can alter the reactivity of the metal source, and a kinetic study is required to 
evaluate the influence of the surfactant on the metal oxide formation rate. 
The stabilization of dispersed NPs in solution has been intensively studied to avoid the agglomeration of primary particles at 
room temperature [9]. Surface coating via ex or in situ modification is a common approach to prevent aggregation [10]. In the in situ 
supercritical hydrothermal method, organic-modified CeO2 oxide NPs have been synthesized using hydrophobic capping agents [11]. 
The synthesized NPs exhibited high dispersibility in organic solvents at room temperature, suggesting that no cluster formation 
occurred in the reaction atmosphere. In contrast, when hydrophilic bi-functional capping agents were used, clusters formed during the 
reaction, although the affinity of the resulting NPs was believed to be higher than that in the case of hydrophobic modification. Thus, a 
general understanding of cluster formation is required to predict the behavior of primary NPs and, thus, avoid their cluster formation. 
 
Chapter 3 Kinetic Study of Metal Complexes in Hydrothermal Condition 
The kinetics of hydrophilic-modified CeO2 formation in the presence of an amino acid has been investigated. Amino acids are 
supposed to form metal complexes in aqueous solution.  
The experiments were performed with a lab-scale flow-type reactor [12]. An 
aqueous solution of Ce(NO3)3 (0.01 M) containing L-glutamic acid at different 
concentrations was mixed with preheated water in a T-mixer to rapidly achieve the 
desired reaction conditions. The mixed stream was then quenched to room temperature 
after passing through an isothermal zone where the reaction temperature was kept 
constant. The operating pressure was 25 MPa. The concentration of unreacted Ce ion 
remaining after the reaction was analyzed by inductively coupled plasma (ICP).  
The hydrothermal synthesis reaction in the presence of L-glutamic acid was 
evaluated as a first-order reaction. Figure 1 shows the dependence of the reaction rate on the surfactant concentration. The formation 
of solid CeO2 was suppressed by the ligand and decreased as the L-glutamic acid concentration increased.  
In water, complex formation occurs between the Ce ion and the amino acid via an equilibrium reaction; thus, increasing the 
L-glutamic acid concentration increases the formation of the complex in the precursor solution before the reaction. The activation 
energies (Figure 2) with and without different molar ratios of Ce to surfactant 
([Ce]:[Glu]) were sufficient to be in the range required for a chemical reaction. The 
presence of the surfactant increased the activation energy. These results can be 
explained in terms of chemical potential of the reactant/intermediate species and the 
solvent effect: the complex formation decreases the chemical potential of the 
precursor solution and, thus, increases the activation energy because the reactant is 
more stable than the intermediates. Experiments with metal-oleate complex as a 
hydrophobic precursor were conducted to verify this assumption. As expected, the 
activation energy of the metal-oleate decreased relative to the metal salt reference; 
indeed, the chemical potential of the metal-oleate complex is higher in water because of its hydrophobic nature. 
 
Chapter 4 Organic-Inorganic Hybrid Nanoparticle Agglomeration and Dispersion Behavior 
The agglomeration behavior of CeO2 NPs modified with L-glutamic acid was studied using the same experimental equipment 
as described in the previous section. The synthesis of crystalline CeO2 was confirmed by X-ray diffraction (XRD). The spherical 
particle morphologies obtained in the 
presence of L-glutamic acid differs from that 
of unmodified octahedral CeO2 nanocrystals. 
In addition, the calculated crystal size 
estimated from the XRD pattern of the 
products decreases as the initial amino acid 
concentration increases. This behavior 
indicates the interaction of the surfactant with the metal oxide surface and the suppression of crystal growth by the surfactant. Fourier 
transform infrared (FT-IR) and thermogravimetric (TG) analyses confirm the bonding of L-glutamic acid to the crystal phase by 
chemical absorption. The crystal size is ca. 18 nm, which differs from the particle sizes detected by transmission electron microscopy 
(TEM): 50 ~ 80 nm. This difference indicates cluster formation. TEM diffraction analyses and electron backscatter diffraction (EBSD) 
analysis of the cross section of the special cluster (synthesized at 275°C and 0.7 s) reveals that primary NPs have polycrystalline 
structures with different crystallographic orientations. As the reaction time increases, the particle shape becomes cubic (8 s), and the 
primary particles share the same crystallographic orientation (Figure 3). We suppose that the individual primary modified particles first 
loosely agglomerate to form a spherical cluster and then, in less than 4 s, order themselves into a 75-nm cubic mesocrystal to reduce 
the total surface energy via grain rotation. Hence, the behavior exhibited by primary particles forming a highly orientated mesocrystal 
is similar to that of molecules/monomers forming a crystal (Schema 1).  
To confirm this assumption, experiments were 
conducted at 275°C and 0.7 s in which the solubility 
was decreased by adding ethanol (xEthanol = 0.08) as an 
anti-solvent [13]. When the primary particle’s 
solubility is lower, supersaturation increases, leading 
to smaller clusters. Hence, the solubility of the primary 
particle determines the formation of agglomerations 
(supersaturated) or dispersed modified NPs (not 
supersaturated). It can be assumed that the solubility of hydrophilic surfactants is lower under both sub- and supercritical conditions 
Figure 1. Reaction rate constant of the Ce ion 
dependence on the surfactant concentration (250°C, 
25 MPa) 
Figure 2. Arrhenius plot of CeO2 formation without [12] and 
with surfactant (25 MPa) 
Figure 3. Evolution of CeO2 clusters from polycrystals to mesocrystals  
 
Schema 1: Predicted formation mechanism  
because of their lower dielectric and solubility parameters. Consequently, the primary CeO2 NPs agglomerate. The dispersion or 
agglomeration of primary synthesized NPs in the reactor system can be predicted by evaluating the solubility of the modified NPs. 
 
Chapter 5 Proposal for in-situ surface modified NPs process 
The product costs for the synthesis of NP via supercritical fluid technology with in situ 
modification and no modification were evaluated considering a production of 1,000 tons per year, 
which is comparable to the value for a commercial SHS plant [14]. For this comparison, the metal salt 
reactant, solvent, labor, and purification costs can be assumed to be the same and can, therefore, be 
omitted.  
In the case of in situ modification, the reaction rate varies, and thus, the reactor size and cost 
also vary. For example, if the reaction rate increases relative to that of unmodified NP synthesis, as in the case of hydrophobic 
Co-oleate, the reactor size and cost will decrease.  
In contrast, for the synthesis of hydrophilic CeO2 mesocrystals under subcritical conditions, the reaction rate is approximately 
5-fold lower, and therefore, a larger reactor size is needed. If the reactor cost is assumed to be 20% of the total capital cost, applying 
the rule of 0.6 for the 5-fold scale-up of the reactor, the capital cost increases by approximately 30%. In contrast, because the reaction 
rate is lower, the rapid mixing of the precursor with preheated water is not required. Therefore, a simplified reactor can be designed in 
which the water and precursor are mixed at room temperature and heated to the reaction temperature together (i.e., a no-mixing reactor 
type); this might reduce the equipment cost. More important is the total energy 
consumption for this system. The amounts of heat q required to achieve the reaction 
temperature TReaction at 25 MPa using a no-mixing reactor, a T-mixer [12], and a 
Jet-mixer [3] were calculated assuming ∆Tmin = 20°C [15] for the heat exchanger 
(Figure 4). The energy required for the no-mixing reactor was lower than those require 
for the mixing-type reactors because mixing a hot stream with a cold stream leads to a 
large exergy loss, and thus, high energy recovery cannot be achieved. The running cost 
can be decreased approximately 65‒75% by using the no-mixing reactor. These results 
suggest that for the synthesis of surface-modified NPs with a lower reaction rate 
relative to the unmodified case, a no-mixing reactor is recommended. 
 
Chapter 6 Summary  
A kinetic study of a metal oxide in the presence of a surfactant was performed. The surfactant was observed to strongly 
influence the reaction rate, depending on the nature of the surfactant and its stability in the reaction solvent. Based on this study, the 
reaction rate of in situ-modified NP production can be predicted, and a suitable reactor, reactor size, and in situ modification process 
can be designed.  
The formation mechanism of agglomerates and the evolution of mesocrystalline CeO2 were observed and suggested that 
primary particles behave like molecules during crystallization.  
The dispersion or agglomeration behavior can be predicted based on the solubility of the primary particle between the reaction 
and room temperatures. This prediction enables the recovery of dispersed single particles at the reactor outlet based on the solubility 
parameters of the surfactant and solvent. 
Comparing the in situ modification and no-modification supercritical hydrothermal processes revealed that although the 
equipment cost increases, the running cost can be decreased by using a no-mixing reactor design. The energy savings compensate for 
the higher equipment cost associated with the in situ modification process. Thus, to synthesize surface-modified NPs with lower 
reaction rates, a no-mixing reactor is recommended. 
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Figure 4. Energy per kg of water required to achieve the 
necessary reaction temperature using a no-mixing 
reactor, a T-mixer, and a Jet-Mixer at 25 MPa and 
∆Tmin = 20°C 
Schema 2: Mixing reactor types 
